Type 304 stainless steel, copper containing stainless steel, and oxygen free copper were subjected to antibacterial tests and short term exposure experiments in a laboratory. Antibacterial tests showed that the copper containing stainless steel, as well as oxygen free copper, was antibacterial, yet the antibacterial activity of the copper containing stainless steel was lower than that of the oxygen free copper. In short term exposure experiments, the copper containing stainless steel, as well as type 304 stainless steel, didn't sterilize planktonic bacterial cells, while the oxygen free copper reduced the number of alive planktonic bacterial cells. The copper containing stainless steel did not protect itself from bacterial adhesion, but sterilized about 75 % of sessile bacterial cells and reduced formation of biofilms on its surface. Such experimental results indicate that the copper containing stainless steel is effective against biofilm related impacts.
Introduction
Sessile bacteria and biofilms can be the origin of several impacts. Sessile bacteria on implant medical devices, for instance, occasionally cause persistent infections, 1) and biofilms can cause hospital infections.
2) Microbiologically influenced Corrosion (MIC), which takes place as a result of direct and/or indirect effects of biofilms, was found in metals and alloys used in the storage of nuclear wastes. 3) Biofilms were found even in a water system of the space shuttle. 4) Damage due to MIC related problems in USA was estimated to be $138 billion per year, 5) and that in Australia was about $5 billion per year. 6) Microbially influenced corrosion is henceforth serious problems in the world and attracts the attentions of scientists and engineers. 7) Microbiologically influenced corrosion was found even on stainless steels, [8] [9] [10] [11] which have good corrosion resistance in moderate environments and therefore have a wide range of applications in industries. Corrosion failure of type 304L stainless steels under a mild environment, i.e. low-chloride potable water, was studied by Borenstain and Lidsay, 12) and they suspected occurrence of MIC. For a type 316L stainless steel subjected to not so corrosive ground water for a type 316L stainless steel, in which Cl Ϫ concentration was about 12 000 g/m 3 , pitting corrosion was observed at weldment, where the g-austenite phase was selectively attacked, forming skeleton structure consistent with the d-ferrite phase. 13) Amaya et al. 14) placed type 304 stainless steel coupons welded by TIG using a type 308 filler wire in to artificial suspensions of bacteria harvested from residual water of a plant where MIC of stainless steel had been suspected. Pitting corrosion was observed at the underneath of biofilms forming over toe regions and the austenite phase was attacked remaining skeleton morphology consisting of the d-ferrite phase. (It should be noted that the skeleton structure is not the finger print of MIC: corrosion pits with skeleton structure is also formed under high chloride concentrations in aqueous environments. 15) ) Many information regarding MIC can be found in review papers [16] [17] [18] and in text books. [19] [20] [21] [22] While most studies indicated that biofilms frequently became the cause of MIC of metallic materials, biofilms may inhibit MIC as well as general corrosion. 23, 24) Even though biofilms may inhibit or at least reduce general corrosion and MIC, growth of biofilms on metal surfaces is not acceptable for many field of applications, such as kitchen sinks, medical devices, food processing devices, and so on. For industrial plants, for instance, biofilms reduce thermal conductivity and increase the coefficient of frictional resistance, resulting in decrease in efficiency of thermal exchangers.
Coatings with materials containing bactericide are one of the means to reduce bacterial adhesion and initiation of biofilms. The function of coatings can be lost once the coatings are damaged. Another means to reduce bacterial adhesion and biofilm formation is to provide antibacterial functions for materials themselves. Using antibacterial stainless steel must not cause environmental pollution that people are apprehensive about whenever bactericide is used. In a previous study, 25) it was shown that bacterial adhesion was reduced by alloying silver into a stainless steel. Copper is another element known as bactericidal: copper eliminates spores and vegetative cells, and the functions were not reduced by dissolved organic substances. 26) In this paper, copper was selected as the antibacterial agent because of its higher bactericidal function comparative to silver. 27) Bacterial attachment and initiation of biofilms on a copper containing stainless steel surfaces were studied.
Experimental

Sample Materials and Preparation of Specimens
Sample materials subjected to experiments were type 304 stainless steel (SS), copper containing stainless steel (Cu-SS) (MSSAM3, Nisshin Steel Co., Ltd., Tokyo, Japan) and oxygen free copper (OFC). Copper concentration in the Cu-SS was 3.78 mass%. As the phase of the Cu-SS was austenite, type 304 stainless steel was selected as a reference stainless steel. The chemical compositions of the sample materials are summarized in Table 1 .
Coupon specimens for antibacterial tests, 25 mmϫ25 mmϫ1 mm, were machined from supplied plates. The surfaces of specimens were polished by #1500 emery papers to obtain uniform surface finish. The polished specimens were subjected to ultrasonic cleaning in 70 % ethanol solution followed by drying and sterilization under ultraviolet (UV) ray illumination in a clean bench. Steam sterilization was not employed for sterilization of specimens because the steam sterilization process could make oxide layer and change chemical properties of the sample metal surfaces.
Poly-ethylene (PE) films used in antibacterial tests were cleaned, sterilized and dried in the same manner as those for the specimens.
For exposure experiments, coupon specimens with the size of 12.5 mmϫ12.5 mmϫ1 mm were used. Except the size of specimens, the preparation processes of specimens for exposure experiments was the same as that employed for the preparation of the specimens subjected to antibacterial tests.
Inoculum
Bacteria used in this study were Pseudomonas sp. The bacteria were isolated from a water system where MIC was suspected and they were used in previous studies. 25, 28, 29) Bacteria were pre-cultured using nutrient broth medium for 18 h at temperature of 35Ϯ1°C and relative humidity of higher than 90 %. After the pre-cultivation, the concentration of bacteria was controlled to 1.0Ϯ10 6 cfu/mL by diluting the suspension by phosphate buffer.
Antibacterial Tests
Antibacterial activity of sample metals was tested by the film contact method described in JIS Z 2801:2000. 30) Even though this standard is designed for measurement of antibacterial activity of plastic surfaces, the standard was adapted in this study because there exists no JIS standard for antibacterial tests of metal surfaces.
A bacteria suspension of the amount of 0.050 mL was inoculated on the polished surface of a specimen, which was horizontally placed on a sterilized Petri dish. The droplet was then covered with a sterilized PE film in order to make the suspension be a thin layer and to prevent the suspension drying up during following incubation of bacteria. In this study, sterilized Petri dishes served as the control: the bacteria suspension of the amount of 0.050 mL was inoculated on a sterilized Petri dish, and the droplet was covered with a sterilized PE film.
The specimens were placed in an incubator and bacteria were incubated for 24 h under the environment of temperature at 35Ϯ1°C and relative humidity of higher than 90 %. After the incubation of bacteria, the surfaces of the specimen and the PE film were rinsed by Soybean-Casein Digest broth with Lecithin and Polysorbate 80 (SCDLP) medium of the amount of 3.0 mL and 2.0 mL respectively to harvest bacteria exposed to the specimen. Total viable count of bacteria was measured by a plate counting technique using standard agar (SA) medium. The total viable count was set to 1 cfu/mL in the case that no colony was observed in any of the agar plates in diluted series. 30) Mediums used in pre-cultivation and antibacterial tests were summarized in Table 2 .
The nutrient broth (Difco Nutrient Broth), yeast extract (Bacto Yeas Extract) and trypton (Bacto Trypton) were manufactured by Becton, Dickinson and Company, USA. The glucose and agar were manufactured by Wako Pure Chemical Industries, Ltd., Japan, and the SCDLP was by Nihon Pharmaceutical Co., Ltd., Japan. All chemicals were used as obtained without further purification.
A computer program R was used for statistic analysis of antibacterial test results, as well as experimental results obtained from exposure experiments.
Exposure Experiments
Exposure experiments were carried out in order to study bacterial attachment and initiation of biofilms on polished surfaces of sample materials. Diluted NB solution, 0.048 g/L, was used for exposure experiments. Bacterial suspension (1.0ϫ10 6 cfu/mL) of the amount of 0.25 mL was inoculated into 49.75 mL of the diluted NB solution in a glass beaker. After mixing, a specimen was steeped in the bacteria suspended NB solution and the opening of the glass beaker was sealed with a paraffin film. The glass beakers were then moved into and kept in an incubator without shaking for several periods up to 7 d. On the course of the exposure experiment the number of planktonic bacterial cells in the bacteria suspended NB solution was counted by the plate counting technique.
At the end of exposure experiment, the bacteria suspended NB solution was drained with special care in order not to flush away sessile bacterial cells attached to the surface of specimens, and then sessile bacterial cells were stained with acridine orange (Merk KGaA, Germany) for microscopic observation. The acridine orange stained sessile bacterial cells were observed with an epifluorescence microscope (OLYMPUS BX51, Olynpus Co., Japan) using an optical filter (U-MWIB2, Olynpus Co., Japan). Images of the field of observation were captured using a CCD camera installed in the epifluorescence microscope. The captured images were analyzed using a computer software to calculate the area of surface occupied by sessile bacterial cells.
To estimate the number of viable sessile bacteria, sessile bacterial cells were subjected to DAPI/PI double stain and observed using the epifluorescence microscope using appropriate optical filters (U-MWU2 for DAPI and U-MWIGA3 for PI (both of them are from Olympus Co., Japan)). The chemicals used for the double strain were 4Ј,6-diamidino-2-phenylindole (DAPI) (-Cellstain-DAPI solution, Dojindo Laboratories, Japan) and Podium Iodide (PI) (-Cellstain-PI solution, Dojindo Laboratories, Japan).
Results and Discussions
Topological feature and wettabblity of a substrate are factors affecting bacterial adhesion. 31) For wettability, the OFC showed higher hydrophobic nature than the other two samples, but the difference was small (Fig. 1) .
The averaged values of roughness of our specimens were Raϭ0.02 mm for the Cu-SS specimens and the SS specimens and Raϭ0.05 mm for the OFC specimens. Hilbert et al. 32) studied bacterial attachment to stainless steel surfaces whose roughness ranged from Raϭ0.01 to 0.9 mm, and they showed that the bacterial attachment was not affected by the value of Ra in this range. In our experiments, therefore surface roughness and wettability presumably had little effect on bacterial adhesion, and the differences in the behaviors of bacterial adhesion among the samples can be attributed to the difference in the kind of substrate substances.
Antibacterial tests were carried out three times and the experimental results were summarized and shown in Fig. 2 .
For copper containing stainless steel, experimental results ranged from Ϸ10 000 to 1 in cfu/mL. For oxygen free copper, colony was rarely observed in any of agar plates in diluted series; the value was therefore close to 1. For all sample substances, the total viable count was less than that value for the control: the order of decreasing was the SS, the Cu-SS, and then the OFC. Calculated p-values (nϭ3) of the samples for Welch two sample t-test against the control were 0.22 for the SS, 0.154 for Cu-SS, and 0.153 for the OFC. The fact that the experiments were repeated three times presumably resulted in rather high p-values. After consideration of this point, the differences in the total viable count between the control and the Cu-SS, and the control and the OFC were significant. The copper containing stainless steel and the OFC reduced the number of active bacteria more than two factors of ten compared to the control in 24 h; they were antibacterial according to JIS Z 2081:2000,30) yet the antibacterial activity of the Cu-SS was lower than that of the OFC.
The total viable count of planktonic bacterial cells in bacteria suspended NB solutions at several exposure periods were summarized and shown in Fig. 3 , and the p-values of samples against the control were summarized in Table 3 .
The total viable count for the control increased in the first 3 d reaching plateau. Initial increase in the total viable count for the SS specimens was significantly larger than that for the control, and the value decreased on day 2 reaching a steady state, whose level was the same as that of the plateau of the control. For Cu-SS specimens, the value increased on day 1 reaching a steady state and the total viable count in the steady state was the same as that for the control and the SS specimens. The total viable count for the OFC specimens decreased on day 1 and reached a steady state being significantly lower than the plateau of the other samples. of alive sessile bacterial cells to that of total sessile bacterial cells, including dead sessile bacterial cells, because the number of the total sessile bacteria differed considerably among the samples. The number of sessile bacterial cells on the SS surfaces increased in the first 3 d. In the following days, the number decreased on day 5 but resumed to increase on day 7. In captured images of acridine orange stained sessile bacterial cells (Fig. 6) , it was observed that the bacterial cells aggregated on the SS surface and formed two dimensional colonies on day 5. The colonies increased their size in the following days and became three dimensional on day 7. The proportion of alive sessile bacterial cells to total sessile bacterial cells was almost constant independently to exposure period and was about 45 %; about a half of the sessile bacterial cells on the SS surface was alive.
For copper containing stainless steel, change in the number of sessile bacterial cells with exposure period was similar to that of the SS specimens: the number increased in the first 3 d, once decreased on day 5 but resumed to increase on day 7. The colonies formed on the Cu-SS surfaces were much smaller than those observed on the SS surfaces, and they were still two dimensional on day 7; the bacterial cells less aggregated on the Cu-SS surfaces (Fig. 6) . In consideration of the value of standard error (S.E.), the differences in bacteria occupied surface area of the SS samples and the Cu-SS samples were not significant. The proportion of alive sessile bacterial cells to total sessile bacterial cells decreased in the first 3 d and reached a steady state of the level of about 25 %; the proportion henceforth was lower than that for the SS specimens. Over experimental period, the number of sessile bacterial cells on the OFC surfaces was considerably less than those values on the other samples. The sessile bacterial cells were sparsely distributed over the OFC surface and they were isolated from each other; few colony was observed on the OFC surfaces (Fig. 6) . The proportion of alive sessile bacterial cells to total sessile bacterial cells was almost constant over the experimental period at the level of about 2 %; the most sessile bacterial cells on the OFC surfaces were sterilized.
Experimental results were summarized below and schematically shown in Fig. 7 .
• Stainless steel was not antibacterial. The number of planktonic bacterial cells was the same as that of the control. The sessile bacterial cells increased with increasing exposure period and formed three dimensional colonies on day 7.
• The copper containing stainless steel was antibacterial.
The Cu-SS did not sterilized planktonic bacterial cells.
The sessile bacterial cells increased with increasing exposure period, but the proportion of alive sessile bacterial cells was lower than that for the SS sample. The sessile bacterial cells formed colonies smaller than ones observed on the SS surfaces and they were still two dimensional on day 7.
• Oxygen free copper was antibacterial and sterilized planktonic bacterial cells. Sessile bacterial cells isolated from each other without forming colonies and the most of them were sterilized. Antibacterial activity of the Cu-SS was not enough to reduce the number of alive planktonic bacterial cells, but the Cu-SS reduced the number of alive sessile bacterial cells and biofilm formation over its surface. The copper containing stainless steel henceforth is presumably effective against biofilm related impacts.
Conclusion
The copper containing stainless steel was antibacterial, yet the activity was less than the oxygen free copper. Even though the Cu-SS did not prevent itself from adhesion of bacteria, the Cu-SS sterilized about 75 % of sessile bacterial cells and reduced biofilm formation over its surfaces. The copper containing stainless steel henceforth is effective against biofilm related impacts.
